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FOREWORD

This report was prepared by the Thermally Protective Plastics and

Composites Section, Plastics and Composites Branch, and was initiated

under Project 7340, "Nonmetallic Composites and Materials," Task 7314001,

''Thermally Protective Plastics and Composites.'' The work was administered

under the direction of the Nonmetalli; Materials division, Air Force

Materials Laboratory, with Mr. R. W. Farmer (AFML/LNC) as the Project

Engineer.

This report was submitted by the author in September 1971.

Many of the items described-in this report were commercial items that

were not developed or manufactured to meet any Government specification,

co withstand the tests to which they were subjected, or to function as

applied during this study. Any failure to meet the objectives of this

study is no reflection upon any of the commercial items discussed herein

or upon any manufacturer.

This technical report has been reviewed aid is approved.

T.. REINHART, JR.
Actinq Chief, Plastics and
Composites Branch
Nonmetallic Materials Division
Air Force Materials Laboratory
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ABSTRACT

Future reentry vehicles will use pyrolyzed plastics and monolithic

graphites for shape stable, thermal protection systems. Oxidation kinetic

models and kinetic constants for these models will be necessary to predict

(1) linear and mass losses, (2) altered heat and mass transport features

of the ablation contaminated flow field, (3) the effects of ablative and

contaminant species on optical/radar observables, and (4) related phenomena.

Constant heating rate thermogravimetry was used to study the funda-

mental kinetics and mechanisms of surface oxidation at temperatures to

IO00°C. The materials included an ablative pyrolyzed plastic, an ammonium

chloride-filled version of this material, three graphites, graphite fabric,

and a carbon.

The thermograms of powder samples of the pyrolyzed plastic and most

of the other materials were similar. Oxidative resistance was reduced by

an increase in airflow rate, heating rate, oxygen concentration, pressure,

or surface area. These sample and environmental responses were consistent

with an Arrhenius-type kinetic model.

There was evidence of diffusive effects, of the type normally found

at temperatures above IO00C, in some of the heating rate, oxygen con-

centration, and surface area experiments. This unexpected result was

tentatively explained in terms of a phase boundary control theory of

surface oxidation.

F ill
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The recording thermobalance was unsatisfactory in operation over a

sufficiently wide range of sample and environmental variables for a com-

prehensive investigation of kinetics and mechanisns. A prototype version

of a unique gas purge/vdcuum netw'ork was therefore built and demonsrated

over an extremely wide range of environmental variables.

iv4
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SYMBOL
SYMBOL DEFINITION UNITS
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SECTION I

INTRODUCTION

Pyrolyzed plastics and graphites are capable of excellent ablative

performance in severe hyperthermal environments. The low recession rates

result from efficient heat rejection and a tolerance for pressure and

shear mechanical effects. These materials are finding current use and

are being further developed for such Air Force applications as heat

shields, leading edges, nose caps, and rocket nozzles.

Oxidation is a major process in the ablation of pyrolyzed plastics

and graphites. Oxidation consists of chemical, heat transfer, and mass

transfer elements dependent upon surface temperature. Surface oxidation

dominates up to about 2000°R. The surrounding, local oxygen is rapidly

consumed at higher temperatures. Diffusion and associate gas-to-surface

effects then control the overall rate of oxidation. Transition betv.oen

surface and external control is a third rate-controlling region. Sub-

limation begins at very nigh temperatures and ultimately exceeds oxidative

rates , t hu5 .Uite.... 9 l ...J . .rcz'fer.

Oxidation on the surface during graphite ablation is frequently ex-

pressed as

n -E/RT
" A(zPe) e (1)

2_
where m is the mass transfer rate (as lbs/ft -sec) away from the surface,

A is the first Arrhenius constant, z the mole fraction of surface oxygen,
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P the static pressure at the boundary-layer edge, n the effective oxygene

concentratiun exponent, E the second Arrhenius constant, R the gas con-

stant, and T the temperature (Reference 1).

The Arrhenius-type correlation was originally derived from a review

of various kinetic correlations and isothermal thermogravimetric data for

a wide variety of carbons and graphites (Reference 1). More accurate

correlations for surface oxidation as well as correlations for the tran-

sition and diffusion regions have been largely based upon Equation I.

The kinetic constants n, A, and E cannot be directly intrepreted as

fundamental properties as density or specific heat. Their physical de-

peadence upon the nature of the strface, thermal history, and other fu-

gitive variables is similar to the surface-dependent character of emit-

tance. Consistent with this analogy, the 5urface reaction rates show not

only the expected large dependence upon f iperature but, further, a de-

pendence upon type of graphite and its surface through the value . ut ti,

A, and E. In the transition and diffusion rate-controlling regions,

however, mass transfer becomes relatively independent of the graphite,

its surface, and surface temperature but is dependent upon the rate of

oxygen supply. The surface reaction rates then show an expected large

dependence upon n, P and Pw, and z.

A recently postulated mechanism of graphite oxidation suggest. that

surfaa reactions alone may control oxidation at most temperature, (Ref-

erence 2). The theory of phase boundary control specifically excludes

2
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transition and diffusion effects suggesting temperature-dependent surface

reactions to the sublimation region for a constant partial pressure of

surface oxygen.

The postulated phase boundary control mechanikm raises serious ques-

tions about the validity of experimental methods to (I) establish specific

kinetic models, (2) measure kinetic constants for these models, and (3)

verify postulated mechanisms. The questions stem primarily from two

attendant characteristics of phase boundary control. The first effect is

a dependence of an "apparent" rate-controlling mechanism upon critical

sample and environmental variables that can affect the terms of Equation

I. Specifically, these variables could conceivably include airflow rate2

,and the attendant influence up.n local external and local ,urface oxygen

concentritic.n and pressure, static oxygen concentration and prve.surc, and

surface area of the sample. The second etfect is a .hilft - the oftucti v,.

temperature range oi the apparent mechanism with a chanqe in the .m3nitud,

of one of the virIables. The importdnt. end reult of tlhuv tw Vtf t.t ,

Is an Incorrect value of n, A, or E. k

In th s report, sevral -apect% at the surfacet Oxida1ti01 Oi lablative

pyrolyzed pla.tics and 9raphitis are con,h, ired. A previuij%, cont.nt

heating rat-., therogravitnetriL. study wa, I irt 'o-inve,,,titat, in teriN

of better definition of kinetic models and mechinisma, with particular

emphasis on phase boundary control. The responses of a variety of

materials are discus cd in fundamental teims. The effects of changes in

sample and environmental variables found in some runs are explained in

terms of a derived kinetic model for a constant heating rate.

3
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There was evidence of diffusive effects In some of the oxygen con-

centration and surface area experiments that suggested tran.itional or

diffusion control at far below normal temperatures. By postulatiig a

phase boundary control-type nechanism, a method was then derived to iden-

tify the effective temperature rage of true surface reaction control by

assuming a step change in E or A, or a change in any other sample and

environmental variable.

The relatively easy perturbation of an Individual sample or environ-

mental vailable in constant heating rate thermogravimetry with the direct

portrayal of the effective temperature range of the corresponding shift

in the apparent mechanism was postulated to be a powerful tool for the

study of phase bouindary Lrutrnl affects.

An apparatus taliahl, :-.4 'peratlon jvtr a wide range of constant values

of airflow rat, hIntl rato, *,xygon ct.iwentration, pressure, and sample

surfacm area was shnwwn lis li e rsntial fior this tyr uf study. To show
that this extr rly stringent requirement r-juld be practically met (with

the exception of sample surface area), a prototype gas purge/vacuum net-

work was constructed and demonstrated to be compatibli with the recordinq

thermoba lance.

The report concludes with detailed recommendations for apparatus

arrangements, analytical methods, experimental methods, and sa...,Ie corfig-

urations for the comprehensive ,tudy of surf3ce oxidation kinetics and

mechanisms using either isothermal or constant heating rate thermogra-

vimetry. The historical use of thermogravimetric results to produce basic

'4
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numbers or to complement other techniques as ablation in an air arc heater,

chromatography, effluent gas analysis, mass spectrometry, etc., justifies

the continuing use of these methods. It is particularly believed that

constant heating rate thermogravimetry can be a hiqhly effective tool in

a fundamental study of the phase boundary control theory of oxidation.

The importance of precision information on surface oxidation kinetics

and mechanisms for a practical case of entry of a ballistic vehicle is

briefly discussed in the following background section. Surface oxidation

is shown to exist primarily at high altitudes and to result in little

actual mass transfer. The mass ioss is, however, potentially significant

in terms of the production of electrons from contaminants present in the

ablator. The background is concluded with projected needs for precision

information from the end-use viewpoint of the prediction of high altitude

optical/radar observables and related phenomena.
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SECI ION II

BACKGROUND POR GRAPHITE ABLATION

An oxidative thermogravimetry experiment is relatively simple from

external appearances. It is difficult to fully appreciate the highly

complex heat transfer, mass transfer, and physicochemical processes that

transpire. It is further difficult to comprehend how information from a

thermogravimetry experiment may apply to the even more complex situation

of ablation for a ballistic entry vehicle. This section gives a very

brief introduction to important graphite ablation mechanisms, -surface re-

action kinetics, reaction products, high altitude aerothermochemical

phenomena, and kinetic and observable dependencies upon graphite type.

The general observations are considered to partially apply for high

quality grades of pyrolyzed plastics in lieu of more defii.itive infor-

mation. The background concludes with projected needs for kinetic mojels

and kinetic constants for advanced ablative pyrolyzed plastics and graph-

ites from an end-use viewpoint.

1. RATE-CONTROLLING MECHANISMS

Four fundamental mechanisms exist in graphite ablation. Oxidation

begins on the surface at a relatively low temperature. The rar; increases

rapidly with increasing temp2rature. With the resulting depletion of

local oxygen, the rate of diffusive supply across the boundary layer i5

eventually rate controlling. Combined diffusion, boundary layer com-

position, and surface reaction effects exist for an intermediate, tran-

sition case. At higher temperatures, subiimation begins and ultimately

controls mass transfer (Reference 2).

6
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There is a strong temperature dependence for the reaction, transition,

and sublimation regions. Figure 1 illustrates mass transfer, normalized

against the diffusion mass transfer, as a function of temperature (Ref-

erence 3). For the case of "fast" surface kinetics, the onset of re-

action-, diffusion-, and sublimation-control occurs at about 1760, 246C,

and 5960*R. Mass transfer dependence upon pressure is further shown by

this parametric plot

2. SURFACE REACTION KINETICS

An Arrhenius correlation for surface reaction kinetics during ablation

is

= A(ZPe)n exp (-E/RT) (I

The correlation was derived using numerous thermogravimetric data for

nany carbonaceous and graphitic materials together with basic fluid me-

chanics (Reference 2). The values of n, A, and E were dependent upon the

study reviewed, the specific material, and the pecific material sample.

The ranges were: n = 0 to 8, E = 8 to 60 Kcal/mole, and A = I to 109

2_ n. olmtnlb/ft -sec-atmn . Two sets of A and E were selected ;or t.o limiting

cases of "slow" and "fast" kinetics. The parameter n was taken as one-

half.

it 7
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3. REACTION PRODUCTS

The primary reaction products are CO, C02' 0, and 02 Their spatial

and temperature dependency were well illustrated by a recent rate-coupling

similarity analysis for chemical equilibrium, a laminar boundary-layer,

and a stagnation point (Reference 4). Flight conditions were for a 20

Kfps entry at 100 Kft.

CO2 was found to dominate at the lower wall temperature and CO was

most plentiful at the higher temperatures. At Intermediate temperatures,

the gas-solid products were coupled by multicomponent diffusion to the

gas-phase products. There were limiting plateaus for mass transfer, as

normalized with the one-half power of the ratio of the nose radius and

the stagnation pressure at the boundary-layer edge (Figure 2). For "slow"

kinetics, the plateaus resulted from 02' CO2 , and CO domination below

2500, at 2500 to 3800, and above 3P*)O°R, respectively. There were orders-

of-magnitude change in near sur pecies with small changes li temper-

atura. Modified "slow," or "slower" kinetics for an analysis using a

different numerical method and property inputs gave an intermediate

p!ateau somewhat displaced in position (Reference 5). Another analysis

that approximated diffusion coupling agreed well at the lower temperatures,

did not show intermediate plateaus, and predicted less mass transfer for

the final CO asymptote (Figure 1, Reference 2).

The rapidly increasing rate of mass transfer with temperature at low

temperature along with re1.se of _M waf: z strcnc futnc-r, f ,urface

f reaction kinetics. Tho number of CO and CO2 plateaus at intermediate

9
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temperatures primarily involved chemical equilibria control of gas-phase

composition and diffusion effects. The plateau characteristics were

further dependent upon the magnitude of the kinetic constants.

4. EVALUATION OF ARRHENIUS CONSTANTS

Kinetic models and kinetic constants have been provided by a variety

of analytical and experimental methods for numerous carbonaceous and

graphitic materials. Typical results of a thermogravimetric study in air

at atmospheric pressure for several graphites are summarized in Figure 3

(Reference 6). The large differences In oxidation rate at low tempera-

ture were markedly suppressed to 3 similar and higher rate at a higher

temperature where diffusion effects were important.

Many isothermal thermogravimetric studies have been made in air,

oxygen, and other gases at both high and low pressures ovr, wide tempera-

ture ranges. Relative mass transfer rates calculated from models .and

constants for five graphitic investigations on different graphites are V
summarized in Figure 4 (Reference 2). A wide disparity is shown In any

mass transfer rates predicted a priori from these results.

Two sets of kinetic constants were further verified indirectly in air

arc heater experiments (Figure 5, Reference 7). The two sets corr'esponded

to fast (as porous molded graphite) and slow (as pyrolytic graphite)

kinetics. Flat-faced cylinders of ATJ graphite of three diameters were

run In a hypersonic, low density airstream. A weighted averaging method

was used to derive a universal kinetic model for surface reaction,
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transition, and diffusion effects. Oxidation rates predicted by the

model correiated, within some scatter, for surface temperatures from

about 1300 to 2700*K (Figure 5).

Kinetics were investigated for three pyrolyzed plastics and two

graphites using an air arc heater (Reference 8). Figure 6 illustrarts a

parametric plot for kinetic constants'evaluation. k comparison was made

between mass transfer rates using the constants with rates for fast and

slow kinetics based upon thermogravimetry as extrapolated t7 theoretical

models to cover a wide temperature range (Figures 7 and 8). The pyrolyzed

plastic and graphite mass transfer rates were effectively bracketed by the

two calculated curves in the surface reaction region with individual mass

transfer measurements agreeing well in the regten of diffusion effects.

There were, however, large differences at very high temperatures. The

kinetic results were applied to aerothe-mochemical and thermostructural

anelyses for a hypersoric and a lifting vehicle entry mission.

A variety of experimental methods were applied in Reference 1 studies

to investigate such principal variables as gas velocity, specimen con-

figuration, temperature, and method of heating for a pyrolyzed plastic

and five graphites. Figure 9 shows a temperature independent, oxidation

limit due to inadequate oxygen supply for high velocity tests on inductively

heated samples. Tha normalized values of oxidation were further compared

with air arc heater results at three test points. Calculations were made

to compare w: . numerous air arc heater runs of flat-faced samples with

surface temperatures largely in the tranqition, diffusi-n effects, and

sublimation regions. The calculacions wetc based upon kinetic constants

1s 15
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resulting from an examination of the laboratory experimental results to

allow for airflow rates at subsonic velocities that were strikingly

slower than for other values previously used in ablation analysis. The

differences were tentatively attributed to CO 2/C0 ratio influences par-

tially affecting previous measurements.

The variations in the oxidation region over a wide range of pressures

were studied for ATJ graphite uring an air arc heater (Reference 9). The

mass transfer results were adjusted to more properly reflect oxygen

concentration at the ablating surface and a parametric plot was made to

obtain Arrhenius constants (Figure 10).

Thermogravimetry was a contributing element in previous studies on

the ablation of pyrolyzed plastics and graphites as illustrated by the

few preceding example!. Typical values of n, A, and E were further

selected for several previous investigations and are sumnarized as Table

I. With some exceptions, the kinetic model is essentialy that of

Equation 1.

5. HIGH ALTITUDE ABLATION I
Surface reaction and diffusion effects occur at 'igh altitudes during

ballistic entry. As a typical example, the altitudes for reaction,

diffusion, and sublimation control onset are about 318, 306, and 150 Kft,

repectively, fnr a 24 Kft/sec entry case (Reference 10). The corres-

pt.niling surface temperatures are about 2000, 3000, and 54506R for

riIi,itimrs tiquillbrium at the nose cap stagnation point (one foot radius).
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High altitude optical/radar observables and other phenomena dependent

upon specie distributions can be markedly affected by the release of

ablative and, in particular, contaminant species. Alkali metals are

easily ionized and release many electrons. In practice, the material

metal level is usually proportioned to total mass transfer rate for

initial calculations. As a highly approximate example for illustration,

a factor of four change in metal injection rate could conceivably lead to

a variation of three in mean eiectrons/cc and a large deviation of 10

dbsm in radar cross section (Reference 11).

6. FUTURE REQUIREMENTS

Commercial pyrolyzed plastics and graphites for candidate ablative

use are contaminated by numerous elements and compounds. A first assess-

ment was made for three graphites and a purified grade using manufac-

turers and other unpublished data. The detectable levels of three easily

ionized alkali metals, in ppm, were in the nominal ranges of 0 to 90 for

calcium, 3 to 11 for potassium, and 0 to 120 for sodium. The dominant

impurity was calcium. The largest data scatter was also found for this

element. With further review, few data could be found for pyrolyze

plastics. The contamination was expected to be relatively high, a result

of a high concentration of impurities for the starting materials and many

processing steps.

High accuracy kinetic models and kinetic constalts will not neces-

sarily be required for advanced ablative pyrolyzed plastics and graphites.

The total mass loss is relatively small for the comparatively mild heating
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and short times that surface reaction and diffusion mechanisms function

for ballistic entry. Adequate kinetic information can probably be provided

by the primary current method of air arc heater characterization and

Arrhenius parametric plots.

Depending upon requirements, however, the analysis of high altitude

optical/radar observables and related phenomena could dictate precision

kinetic data. This is primarly due to (a) ,he strong dependence of mass

transfer rate on temperature at low surface temperatures and (b) the large

quantities of electrons that can be produced by minute quantities of

contaminants from an impure ablative material. This preliminary study

has suggested that improved analysis and experiments for specific ablative

pyrolyzed plastics and graphites could be required for the prediction of

impurity injection rates withit, factors of two to ten for surface reaction

control at high altitudes.

This section emphasized a graphite nose tip and a pyrolyzed plastic

heat shield for a ballistic entry vehicle. Diffusion effects, rather

than sublimation, car dominate total mass loss in other types of entry

(Reference 7). Precision kinetic models and kinetic constants, therefore,

can be essential to analyses for certain areas of entry vehicles for

hypersonic, lifting, low angle, and other cases.
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SECTION III

EXPERIMENTAL MATERIALS

1. PYROLYZED PLASTICS

Two pyrolyzed plastics were tested; their preparations and properties

have been described in Reference 12. A composite was first prepared

rom Union Carbide WCG graphite fabric and Coast Manufacturing Company

R-120 phenolic resin. The composite was pyrolyzed in an inert atmosphere

up to a maximum temperature of 8150C. A filled version of the pyrolyzed

material was prepared by immersion into a boiling iaturat:ed solution of

ammonium chloride. The residual aomonium chloride content was about 24%

by weight.

The pyrolyzed plastics were machined into cylinders 3/4 inch in

diameter by 1/2 inch in thickness. Fine powders were prepared for

thermogravimetry by cryogenic grinding. A cylinder was first im-ersed

into liquid nitrogen and pulverized with a carbide-tipped drill. The

drill press speed was 1950 RPM. The powder was collected and manually

sieved to pass a US Standard No. 325 screen.

Ammonium chloride powder was used for reference purposes. The coarse,

commercial powder (reagent grade) was ground at room temperature with a

mortar and pestle. The -100/+120 screen fraction was used for thermo-

grasimetry.
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2. GRAPHITES

The carbon and graphite materials were originally in a variety of

configurations. The materials, all products of the Union Carbide Cor-

poration, and original forms consisted of AGKSP electrode, ATJ electrode,

WCB graphite Fabric, Grade 40 porous carbon, and Grade 40 porous graphite

in the form of flat panels.

The cryogenic method was used to prepare fine powders with the ex-

ception of WCB graphite fabric. This material was ground with a mortar

and pestle. All powders were sieved to pass the 325 screen.
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SECTION IV

THERMOGRAVIMETRY PROCEDURE-

1. INTRODUCTION

Constant heating rate thermogravimetry is a dynamic version of the

classical isothermBl experiment. The weight/temperature thermogram is

continuously generated by a recording thermobalance with temperature in-

creasing at a fixed rate.

The oxidative thermogram of e pT-olyzed plastic or graphite is uniquely

different from an isothermal coun-erpart. The thermogram is a kinetic

history from solid tc. total ga5. Differences existing between materials

or sample constitue, ts at only critical isothermal temperatures can often

readily show within the wide range of temperature. The perturbations, as

uncovered by many isothermal runs, of a single sample or environmental

variable change can stand out in the constant rate thermogram.

in constant heating rate thermogravimetry. The thermogram can help

quickly sort out the thermogravimetric result of these changes. The

method was thus felt to be ultimately helpful, when applied with other

suitable techniques, in elucidating complex kinetics and mechanisms.
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2. RECORDING THERMOBALANCE

A modif;ed Aminco Thermo-Grav recording thermobalance was used for

constant heating rate thermogravimetry at 90C/min to 950°C (Figure 11).

This instrument and experimental procedures for its use have been pre-

viously described in detail (Reference 13). This report section gives a

brief summary of relevant functions and methods.

The weight/temperature thermogram was automatically plotted by an

X-Y recorder. During the run, sample weight change moved two precision

springs. A linear variable differential transformer (LVDT) response drove

the recorder pen. A Chrome] alumel thermocouple gave the emf to move the

X-axis carriage.

The balance components were enc!osed within a Pyrexlquartz envelope.

The suspension system included a top, two springs, a support rod with

fixtures, and, at the far end, a crucible and holder. The Pyrex support

rod was centrally joined to the springs. This rod held the LVDT core,

a calibration %eight in a tare pan, and an oil dashpot ring.

The Coors 230 3/0 crucible was made of porcelain. The furnace tube

and integral thermocouple sheath were made from quartz. The 0.010 inch

diameter thermocouple wires were insulated with ceramic spines and placed

in the sheath in proximity to the sample crcible.
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Heating rate was closely regulated by a furnace controller. The

Chromel alumel thermocouple for the controller was located within the

annular wall of the furnace.

3. EXPERIMENTAL METHODS

All powders were first "dried" at 100°C for 30 minutes in a small

vacuum oven. The samples were then stored in a vacuum desiccator. A

specific sample was removed and permitted to "equilibrate" at ambient

room conditions prior to beginn.ng a run.

The standard run was for a -325 screen, dried 100 ing powder at 9*C/min

to 9500C in initially quiescent air. An analytical balance was used for

weighing out the sample and weighing any run residue (+ I mg). There

were a number of runs at other than standard conditions. The specific

conditions were annotated o:n the respective thermogram.

- r3
!:111i i 
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SECTION V

DISCUSSION OF RESULTS

1. PYROLYZED PLASTICS

Air Force application areas for pyrolyzed plastics include heat shields

and nose tips of entry vehicles. The low recession rate-and fair in-

sulative ability is a well known result of mass injection blockage,

oxidative resistailce, surface radiation, surface sublimation, and a

relatively porous structure.

An experimental pyroiyzed plastic was made by inert atmosphere

pyrolysis of a graphite fabric/phenolic resin composite to 815*C. This

matrix was impregnated with ammonium chloride for internal endothermic

decomposition, the release of large quantities of gas, and porosity

reduction. Improved ablative cooling and efficient insulative ability

were the primary goals

Ammonium chioride and other impregnants as ammonium tluoborate,

tungsten diboride, etc., became of additional interest in later work in

potentially altering high altitude optical/radar observables and related

phenomena. Low impregnant concentrations could alter the rates of con-

sumption and production of electrons and other flow field species. High

concentrations could further alter flo v field temperature and velocity

distributions.

31



AFML-TR-71-207
Part I

Thermograms for the pyrolyzed plastic, filled composite, and ammonium

chloride were sketched together (Figure 12). The pyro:yzed plascic

thermogram for air resembled an elongated arc tangent function. Weight

loss began near 400*C. There was little sample left above 900°C. A

major maximum rate of weight loss peaked near 530*C; a subdued peak was

found around 700*C. This thermogram was similar to one for WCB graphite

fabric. There was little weight loss for either material in vacuum. This

implied efficient phenolic resin conversion Into a carbonaceous material

during pyrolysis.

The thermograms for the pyrolyzed plastic and ammonium chloride were

essentially additive by a law of mixtures to give the filled composite

result for both air and vacuum. Weight loss in vacuum was almost entirely

due to the filler. There was a major and a minor maximum rate of weight

loss peak for the filled composite in air near 400 and 700*C, respectivel'.

The ammonium chloride powder was more thermally stable in air than in

vacuum. This result was consistent with normal vapor pressure relation-

ships.

2. GRAPHITES

Air Force appliL-tion areas for graphites include nose tips of entry

vehicles. The high erosion resistance is a result of internal conduction

and storage, mass injection blockage, oxidative resistance, surface

radiation, and surface sublimation.

32
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Tho oxidativa thermogravimetry of powders of four carbonaceous and

grophitic materials gove similar results (Figure 13). The thermograms

waro for ATJ graphite, Grade 40 porous carbon, WCB graphite fabric, and

the pyrolyzed plastic. Weight loss comienced near 5250C with little

residue remaining above 950*C. There was an early maximum rate of weight

loss region. A sucond maximum, suggested by thermogram shape, was never

reached except for the pyrolyzed plastic.

The AGKSP graphite thermogram revealed relatively high oxidation

resistance (Figure 13). This result was possibly associated with the

high purity of this material, a small effective pore volume or surface

area, or other unknown factors.

The presence of impurities can influence oxidation rates. For ex-

ample, the oxidation susceptibility of carbon fabrics is well known to

be highly sensitive to re!ative hydrogen activity. The effect of pH on

the oxidation of two carbon fabrics is shown by Figure 14 (from Ref-

erence 14). The susceptibility was nirkedly reduced by an increase in

pH, the primary impurity being sodium in the form of hydroxide. Large

effects were also reported in further isothermal runs.

34-1.
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SECTION VI

KINETICS AND MECHANISMS OF GRAPHITE SURFACE OXIDATION

I. INTRODUCTION

The oxidation of carbon and graphite was a subject of analytical and

experimental study over the past century. The classical processes,

evolved primarily from heterogeneous mechanisms for carbon, coal, graphite,

and coal models, considered surface reaction to control oxidation at low

temperatures. Diffusion processes were the rate-controlling mechanism at

higher temperatures. There was a complex transition intermediate between

these two regions.

The specific surface reaction mechanisms have not been comprehensively

identified ano nderstood. It is generally accepted that the three basic

processes are diffusion of gaseous reactants to a reactive surface site,

physical reaction, and gaseous product desorption (Reference 2). There

are many remaining questions as to the exact role of pores and regions

betwee, poics, UC influence of cataiytic agents and contaminants, the

effects of absorbed water and other surface gases, surface activation,

surface reactivity for specific graphite grades, surface chemical groups,

etc. From z physical standpoint, oxidation for surface reaction control

is considered to be highly dependent upon the specific nature of the

graphite sample and its sur'ace characteristics, relatively independent

of the rate of oxygen supply (exrluding total starvation), and extremely

dependent upon temperature (Reference 2).
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Oxygen consumption ircreases rapidly with temperature for active

surface reaction processes. The surface region is depleted in oxygen and

enriched in CO, C02, and N2. The decrease in available oxygen reduc s

the rate of surface reaction. The transport of more oxygen, by normal or

thermal diffusion, or other process, increases the oxidation rate. This

low oxygen pressure at the cJrface leads through a transition intermediate

to a steady-state transport balance between 02 "in" and CO, C02, and N2

"out."

True diffusion control is dependent upon the surroundings. Mass

transport equilibrium results in an oxygen surface pressure below that of

the surroundings. A perturbation of the system, as an increase in gas

velocity, that changes the local pressure also changes the rate. An in-

crease in surface temperature only will not result in a rate increa.e if

lucal prcssure is controlling the rate for a constant gas temperature.

Therefore, these and more complex considerations result in the generally

accepted viewpoint that true diffusion control is relatively independent

of surface (not gas) temperature, strongly dependent upon the surroundings,

and relatively independent of the type of graphite.

A more recent postulated mechankni for oxidation is phase boundary

control. The review of Reference 1 suggests that surface reactions alone

control oxidation and are temperature dependent to at least 6000OF (33400C)

for a constant partial pressure of surface oxygen. There is a low tem-

perature region of CO2 dominance with a high valuz of E (about 40 Kcal/

mole), a moderate temperature region with rapid CO and CO2 production

corresponding to a low value of E (3-5 Kcal/mole), and a h;gh temperature
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region with CO as a primary product and an intermediate value of E (10-15

Kcal/mole). Phase boundary control is difficult to experimentally verify

over diffusion control due to the strong system dependence of the latter.

Reference I przzents initial supporting evidence based upon extensive

results on gas velocity, pressure, and temperature effects. In particular,

an increase in velocity results in a "restoration" of rate dependance

upon temperature. Rate dependence upon temperature is a major character-

istic of surface reaction control. Further, the rate is shown to vary

with local pressure to the 0.3-0.5 poeier, a potential result for phase

boundary control.

An important conclusion for phase boundary control of graphite oxida-

tion is that local pressure dependence and changes in E are closely tied

to the translation from one oxidative region to another. An accurate

characterization of the kinetic model, its pressure dependence, and

kinetic constants is desirable in the prediction of graphite ablation

over a wide range of pressu,-e and temperature.

Kinetic models of graphite oxidation were proposed in numerous pre-

vious studies and experimental data were fitted to evaluate kinetic con-

stants for these models. A basically different approach was taken in

this preliminary study. A kinetic model with important sample and envi-

ronmental terms was used to help interpret the results of the novel

application of constant heating rate thermogravimetry. Other than main-

taining sample and environmental variables at an initially constant level

by procedural consistency, there was no intent or attempt to match ideal
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requirements as necessary for factual kinetic constant evaluat'on. To

use this approach, a brief analysis was necessary to convert the iso-

thermal relation into a constant heating rate case.

2. KINETIC MODEL

The extensive review of surface reaction oxidation of a variety of

carbons and graphites under Reference 2 resulted in the following

Arrhenius correlation

n -E/RT
-dw/dt = A(S(zP) /w ) e (2)

A term B was useful for "lumping" the variables of a single experiment,

thus

n
3 = A(S(zP) /w ) (3)

and gave the resu lt -,

II
-E/RT

-dwldt = B e (4)

The isothermal solution of Equation 4 was simply

(I - w I)  BtI e (5)

for assumed reaction initiation at zero time. (The subscript I em-

phasized isothermal values and X = E/RT.)

40



AFML-TR-71-207
Part I

The constant heating rate relation was

-X
-dw/dT - (B/T) e (6)

and the limits of integration were taken as

dw = (B/i) e dT (7)

0

The constant heating solution of Equation 7 was

w I - (BE/RT) p(X) (8)

where the function p(X) is defined as

-1 -X Go -1 -X
p(X) = X e -J X e dX (9)

X

and illustrated in Figure 15 (from Referencc 15).

A reciprocal relation for the constant rate and isothermal solutions

was useful in understanding interrelations

- x
X = r(t/tl)(I - Wl Ml - w)) e 1 (10)

where the constant heating rate T appeared implicitly as T and t

(Reference 12). For example, a prediction was possible for the

weight fraction for a constant-rate experiment, knowing the isothermal
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value for the same period of heating at that temperature via the relations

(I - w) = r(I - w I)/X (11)

2 X
r = X e p(X) (12)

Figure 15 illustrates the relationship between r and X (Reference 15).

The Arrhenius correlation was for constant values of the variables

within the lumped term B. In addition to possible changes ;n other

variable values, the surface area of the experimental sample powders

was continuously changing during the rua. Exact isothermal and constant-

heating-rate kinetic solutions were also obtained in closed form for the

complete oxidation of poreless graphite spheres. The relations, however,

wer. inconveniently complex for either parametric calculotions or other

immediately practical use.

No attempt was made to derive a kinetic model for a filled pyrolyzed

plastic or graphite. It was clear, however, that it would be difficult

to handle pore structure and proportional surface areas. This problem

was concluded to perhaps be best amenable to a law of mixtures or other r

empirical approach.

The Arrhenius correlation was consistent with the phase boundar)

control mechanism of Reference I subject to the proper values of n, A,

and E for low .-mperature surface cxidation. Reference 1 further reviews

a variety of models for regions in which transition exists and diffusio.

dominates.
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3. KINETIC CONSTANTS, SAMPLE VARIABLES, AND ENVIRONMENTAL VARIABLES

The kinetic constants n, A, and E ideally reflect the intrinsic

oxidative susceptibility of the material. A previous survey gave averaged

values for a variety of carbons and graphites. The results were n = 1/2,

A = 1.31x10 6 gm/atm -/2cm 2-min, and E = 44 Kcal/mole for a terminal

surface reactivity control temperature of about 840*C (Reference 2).

This value of E was comparable to more re(;ent results for fast kinetics

for pyrolytic graphite (Reference 16), a wide variety of carbon.,

graphites, and pyrolytic graphite (References 6, 17, and 18), and exper-

imental and theoretical results for the low temperature stage of phase

boundary control (Reference 1).

The Arrhenius -orrelation revealed important dependencies upon area,

initial weight, oxygen concentration, and pressure. Heating rate was an

additional variable for the constant-rate case. Th rigorous verification

of the basic Arrhenius correlation, the evaluation of A and E, and the

evaluation of the n term, all within the lumped B parameter was not easy.

It was well known that accurate measurement of weight and temperature

along with the precise control of oxygen concentration, pressure, and

surfacB area within minimal experimental error was a difficult under-

taking even ior the surface reaction control case. There was even

g.'eater experimental difficulty for the region of transition and diffusion

control.
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4. CONSTANT-HEATING-RATE KINETICS PARAMETRIC STUDY

A brief analysis was made for the postulated and unproven kinetics

for the constant-heating-rate case. The term(BE/RT) was parametrically

varied over values consistent with possible experiments and materials.

A representative value of (BE/RT) was 10i. The basis was:

61 2 2

A = 1.3xO6 gm/atm -cm -min, E = 44 KCal/mole, 
P -1 atm, S = 72.5 cm 2

= 9°C/min, w = 0.1 gm, and z = 0.21. S was for 0.1 gin of 44-micron-0

diameter spheres of an 0.94 gm/cm2 density material.

Thermograms were calculated for (BE/RT) values of 1011, 102, and

1013 (Figure 16). These values for Equation 8 roughly compensated for

the known low estimate for S, uncertainties in A and E, and possible

variations in B for other experiments.

The parametric thermograms were displaced toward a higher level of
relative thermal stability with decreasing values of the term (BE/RT).

The general shape of Lach thermogram, however, wes relatively independent

of the magnitude of this term. There was no maximum rate of weight loss.

This was consistent with the original Arrhenius correlation.

45



AFML-TR-71-207
Part I

5. ANALYTICAL EVALUATION OF ARRHENIUS CONSTANTS

The analysis of isothermal thermogravimetric results to obtain the

two Arrhenius constants was a well known procedure. A classical method

was to prepare a parametric plot of the linear equation

log10 (-dw/dt) =-(E/R In 10)(l/T) + log1 oB (13)

where the terms -(E/R In 10) and logIoB were evaluated as a slope and an

intercept, respectively. B and E were then calculated from these two

terms.

A wide variety of methods was available for the treatment of constant

heating-rate data, including Equation 15 (Reference 19). Of the available

computer methods, an approach using matched weight and temperature values

to avoid weight-loss rate meastirement errors for a nearly linear thermo-

gram was attractive. A computer code widely applied (Referes,c.. 19 and

20) for ablative plastic materials was of particular interest for oxi-

dative thermogravimetry and Is briefly summarized in the appendix of this

report.
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SECTION VII

SAMPLE AND ENVIRONMENTAL VARIABLES

1. INTRODUCTION

There are a varietj of important sample and environmental variables

in graphite oxidation. Section VI summarized some general trends for

surface reaction, transition, diffusion, and phase boundary control cases.

The complex interplay between variables was more specifically illus-

tratad in two recent studies. In one investigation, isothermal thermo-

gravimetry was 'onducted for pyrolytic graphite using an Amino Thermo-

Grav (References 21 and 22). Samples with one of three surface areas

(0.394, 0.927, and 6.27 cm 2) were run at five temperatures, 760, 816, 871,

927, and 982*C, and four airflow rates, 25, 50, 70, and 100 cm/sec (Figure

17). Oxidation rate increased rapidly with temperature for the surface

reaction region and was less dependent upon temperature for the diffusion

region. In a related but opposite fashion, an increase in airflow rate

gave little effect on oxidation rate for the surface reaction case and

increased the rate for the diffusion case. The rate further increased

with decreasing surface area in both. An unusual result was an increase

in transition temperature range with decreasing surface area. This range

was between Z16-871, 871-927, and above 982*C for the three surface areas.

There was little apparent effect of airflow rate on transition temperature

range. The Arrhenius constant E was sensitive to the range closely

following "breaks" in classical parametric plots of oxidation rate versus

I/T. Unfortunately, the experimental results were not examined in light
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of overall phase boundary control mechanism, particularly in terms of

(a) oxidation rate dependence upon power of the flow rate (or pressure)

and (b) surface area effects.

A variety of methods wns applied in an investigation at the higher

temperatures where diffusion was a major effect (Reference 1). The

techniques Included low velocity tests in resistance heated tube furnaces,

low velocity tests of inductively heated samples, high velocity tests of

inductively heated samples, and air arc heater tests extending into sub-

limation control. The materials Included a glassy carbon, five graphites,

and a pyrolyzed plastic. There were few low temperature measurements.

Oxidation rates were insensitive to temperature above about 1540*C and

dependent upon flow at rates higher than an onset value of about 220

cm/sec. Extensive studies were made at the higher temperatures to eval-

uate the effects of gas velocity, material type, sample configuracion,

and temperature. Similar oxidation rates were found for three different

graphites; there was minor apparent effect of minor variations in density,

porosity, purity, and structure on oxidative rate. Rate differences were

found, however, for the significantly lower densities of the glassy

carbon and pyrolyzed plastic. Thirty-degree conical samples were neces-

sary to avoid the shape changes found for flat face and hemispherical

configurations. Preliminary supporting evidence was presented for a

phase boundary control mechanism primarly in such terms as differeistial

oxidative rates for the dominant planes of anisotropy of pyrolytic

graphite, E dependence upon temperature, existing kinetic models, and

oxidation rate dependence upon flow rate (or surface oxygen partial

pressure).
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References 1, 21, and 22 represent two examples of recent work par-

ticularly relevant to the postulated features oF phase boundary control.

There were a large number of additional previous studies well illustrating

the critical aspects of sample and environmental variables. A review of

this iiterature was far beyond the scope of this report. Other important

studies and reviews, for example, |clude References 2, 16, 23, 24, 25,

and 26.

This section details important sample and environmental variables

uncovered in this preliminary study. There was emphasis in understanding

fundamental interrelationshipt in terms of tHe Arrhenius kinet. correla-

tion and in planning approaches to more detailed understanding in any

future work.

2. SAMPLE CONFIGURATION

Fine powders were used primarily to maximize oxidation rate in a

"worst case" sense in this preliminary work. First, the kinetic analysis

reyealed higher oxidation rate for the higher surface area of a fine

powder. Secondly, the diffusion of gaseous phases was probably pro,. ted

by tine powders. Intradiffusin amidst particles and perhaps inter-

diffus ion wit hin Dart.c i le..gRqs b o1dJb 4 rhv h _ iaqr. ased oxidation

rate. Any equllization of surface and pore structure by grinding should

have suppressod intrinsic oxidation resistance between the different

materials,
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There was an additional practical problem in using a solid sample

configuration. The limited quantity of available materials, their small

sizes, and attendant machining aspects were additional restrictions.

The experimental results revealed that fine powders promoted oxidation.

For example, the ammonium chloride 'Illed pyrolyzed plastic was run in

three particle sizes (Figure 18). These included: a bulk particle,

as-ground powder, and sieved powder. More oxidation was found with

decreasing particle size.

The most significant effect of particle size was for a swatch of WCB

graphite fabric compared to -325 sieve powder prepared by grinding the

fabric (Figure 18). The result was consistent with expected faster

oxidation for an increased total surface area.

The surface area variability between materials was probably suppressed

by grinding. The sieved particles were less than a limiting dimension

of 44 microns in size. The particle distribution scale was unknown.

2rA typical poreless surface area was 72.5 cm2 for a 100 mg sample of

5 2perfect spheres. A typical measured surface area was 2xlO cm for the

saine weight of pyrolyzed plastic powder. There was little doubt that

only a small fraction of the available area was subject to oxidation

during .hermoqravimetry. To a limited degree, the similarity of many

oxidation thermograms was consistent with the similarity of internal pore

structure of bulk particles within two material classes of "wide" and

"narrow" distributions of relative pore volume (Section V'II).
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The apparent minor effect of surface area of powders (but not particle

size of particles) was somewhat consistent with some previous results.

Reference 14 reported a relative minor effect for the thermogravimetry

of two otherwise similar carbon cloths with widely varying surface areas

(Figure 19). Isothermal thermogravimetry likewise gave little obvious

surface area effect.

A sample with a constant surface area and equilibrium internal pore

structure was desirable for practical kinetic analysis. While extremely

difficult to achieve experimentally and maintain for a long time, a

receding flat face approached an ideal surface area (Reference 1). The

existence of an equilibrium pore structure obviously required detailed

study for specific materials.

The similarity of response of many materials was not a direct result

of oxygen "starvation" of the sample limiting oxidation or causing other

defective aspects of the experiment. This was well illustrated by other

routine constant-heating rate and isothermal runs on a wide variety of

samples. Figures 20 and 21 illustrate the diversity of oxidation behavior

of carbonaceous and graphitic fabrics resulting from varying degrees of

carbonization of the precursor materisi. Figure 22 shows the effects of

a yarn, bar, or whisker form of carbon or graphite of unspecified nature.

Figure 23 illustrates the protective effect of oxidation resistant

coatings applied to a carbon fabric.
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3. OXYGEN CONCENTRATION AND PRESSURE

Systematic variations were one approach to studying oxygen concen-

tration and pressure, either to clarify mechanisms, for kinetic analysis,

or empirical' The use of different gases of varying oxygen content was

a means of varying concentration. The chamber pressure was adjustable

over certain ranges. It proved difficult, however, to maintain both

oxygen concentration and pressure at constant levels during the run.

The quantity of air necessary for oxidation of a 100 mg sample of

carbon was approximately equal to 0.6 of the volume of the weighing

column. For the standard run, therefore, local sample consumption

probably exceeded the supply by convection currents. Runs in other gases

were subject to the same problem although to a lesser degree if the

initial oxygen concentration was higher than for air. A reduced pressure

run began with essentially the same oxygen concentration as for air but

with considerably less available oxygen. A practical method for studying

both oxygen concentration effects in spite of these handicaps was by

gas-purging runs at atmospheric and reduced pressure.

AGKSP graphite powders were run in an air purge and in initially

quiescent air (Figure 24). Lower thermal stability was found for the

I liter/ min air-purge run. This Implied a changing oxygen concentration

for the standard run above 750%C where the two thermograms began

to converge.
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AGKSP air-purging runs at reduced pressure were consistent with expected

increased oxidation n a higher flow rate (Figure 24). The results were

also consistent with reduced oxidation with a decrease in pressure.

A sufficiently high airflow rate, at either ambient or reduced

pressure, promised a reduction of changes in oxygen concentration. The

limiting levels of either flow rate or pressure for the AGKSP runs, how-

ever, were at the extremes of stable operation of the thermobalance.

A orototype gas-purge/vacuum network was assembled to give controlled

levels of flow rate and pressure over wide ranges with stable operation

(Figure 25). The control and stability performance of this version of

the apparatus of Reference 23 was reasonably good in checkout runs.

For the prototype apparatus, the inlet flow rate into the crucible

chamber was regulated by glass capillary tubes. The inlet gas was pre-

heated by passage down a tube on the chamber wall before free injection

just below the crucible.

Pressure was controlled by a sensitive Cartesian diver manostat. An

insensitive vacuum regulator permitted gross adjustments. In addition,

the regulator pressurized the capillary tubes for better regulation and

permitted direct reading of the rotameter. A differential manometer was

used for visual , nnitorlng of pressure fluctuation during the run.

Injection of a second gas at the manostat was an optional neans of

controlling any large fluctuation.

6
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4. HEATING RATE

The pyrolyzed plastic was run at heating rates of 3*C/min and 90C/min

(Figure 26). There was little similarity between the two thermograms.

The reference temperature for 50% weight loss dropped from about 660*C

at the higher rate to near 570°C at the lower one.

A change in surface oxygen concentration was a possible factor in the

unexpectedly large heating rate dependence. The long "tail" for the

9*C/min run and the absence of this region at 3*C/min was consistent with

possible changing oxygen concentration at the higher rate.

Additional runs were desirable for probing heating rate and any

attendant effects as for oxygen concentration change. Unfortunately, the

30C/min rate was the lowest available. The highest useful rate Vr

90C/min was convenient for looking at a large number of materials.

5. OVERALL OXIDATION MECHANISMS

There was considerable evidence of important diffusion effects and

perhaps a dominant phase boundary control mechanism for constant-heating-

rate thermogravimetry. First, the temperature rate of weight loss was

nearly constant following a la temperature period. Secondly, there was

little difference between the materials excludlg AGKSP. These two

results were strongly characteristic of diffusion effects.

In addition to two results consistent with apparent diffusion effects,

there were several additional observations concerning overall mechanisms.

The constant-heating-rate experiment was, first of all, significantly
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different from the conventional isQthermal run for a solid sample. The

steadily decreasing quantity of sample powder consumed a steadily de-

creasing total quantity of oxygen. Although oxygen shortage may have

prevenced a transitional "tripping" as it did for the conventional iso-

thermal case, there was also a tendency toward oxygen concentration

equilibrium if diffusion effects were already important. There was

ttle doubt that the large sample powder surface area promoted early

diffusion effects In a low temperature transitional range (Reference 21).

The fact that oxidation rates were found to be higher at the higher air

flow rates and lower at the lower pressures for AGKSP primary runs was

further evidence of diffusion effects (Figure 24). The higher oxidation

rates were more characteristic of diffusion than of surface reaction

(Figure 24). The distinct differences for runs at two heating rates

suggested important diffusion effects at the higher rate and surface

reaction effects at the lower (Figure 26).

The overall conclusion for sample and environmental variables was a

capability of giving the external appearances of true diffusion control

**4SCr1' hZ. n .rU C~ntr~l. iCIr W~rIz tLWJ iiOlJb E1L

were not consistent with true control. The first was an apparently

paradoxical result of surface reaction effects occurring at higher

temperatures than did the diffusion effects for four runs for AGKSP

(Figure 24). The second was a steady decrease in the surface transfer

of the limited quantity of oxygen in che thermobalance at the sigher run

temperatures. This loss of oxygen could have lead to oxygen "starvation"

of the sample at a near constant surface conceotration. Starvation was

similar in some respects to the "supply limited" cases of Reference I

(Figure 9).
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The apparent ability to provide external appearances of shifting

surface reaction versus diffusion effects by shifting sample and environ-

mental variables was consistent with the overall phase boundary control

mechanism of Reference 1. The 3ample and environmental variables of

material type (n, A, E), airflow rate (n, z, P), oxygen concentration

(n, z, P), heating rate (t, T, T), pressure (P), surface area ($), and

initial weight (w ) corresponded to terms in the Arrhenius kinetic format.

Therefore, there was little reason not to expect transition to be

apparently kinetically dependent to varying degrees. Several cases were

postulated as examples. Theoretically, the "onset" temperature was only

dependent upon time for the condltica of transition occurring at the same

rate of oxidation, or oxygen consumption, for both isothermal and

constant-heating-rate cases for a fixed value of the parameter B. Another

criterion was for transition to occur only after a fixed, "onset" quantity

of oxygen was consumed from a starved system. Then taking transition to

be dependent upon oxldlzed weight and an isothermal temperature of 8000C,

the reciprocal relation (Equation 10) gave 980*C for E = 44 Kcal/mole and

T 9*C/min. Or stated another way, a constant heating rate slowed

oxidation to tne point that 98O=7 was necessary to lose the same material

lost at 8006C for the same total time. As a final case of three, tran-

sition was postulated to be completely dependent upon kinetics. Tran-

sition was then dependent upon B, temperature, time, and weight for the

Isothermal case and further dependent upon the term (BE/RT) for the

constant-heating-rate case (Equations 5 and 8).
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The value of E is temperature dependent for phase boundary control

(Reference 1). The transition temperature was reduced to a single value

for true kinetic dependence by considering a step-change in E. The

effective result was w = 0. For the constant-heating-rate case, typical

results wer. about 600, 770, and 8800C for (BE/RT) = 013 , 12, and

1110 , respectively (Equation 8). Isothermal onset temperatures were

readily available from Equation 5 for this step-change.

There were several runs where the rate of sample oxidation went

through a minimum value. The materials were a pyrolyzed plastic particle,

graphite fabric, graphite fabric powder, and AGKSP graphite powder

(Figures 12 and 13). The minimum rate was unexpected in that this

implied a possible change in rate-controlling mechanism. The minor

deviation possible, experimental error, and irregular oxidation were

possible factors in this result.

A versatile thermoba'ance capable of systematic variations in airflow

rate, heating rate, oxygen concentration, pressure, surface area, and

weight was a potential means of analysis of phase boundary control or

other oxidation mechanisms for either isothermal or constant-heating-rate

thermogravimetry. This preliminary work suggested that limited shifts

in a few sample and environmental variables resulted in apparently

corresponding but still to be fully explained shifts in surface reaction

effects and diffusion effects.
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SECTION VIII

PHYSICAL PROPERTIES

1. DENSITY, POROSITY, AND PORE SPECTRA

Density and porosity were examined using a mercury intrusion porosi-

meter. This instrument was manufactured by the American Instrument

Company. The operational procedure and physical arrangement were de-

scribed in detail in Reference 27.

The similarity of the oxidation thermograms of the pyrolyzed plastics,

carbons, and graphites was remarkable in view of the wide ranges of

densities and porosities (Table II). The nominal limiting vaues were

0.5-1.0 gm/cc for apparent density, 1.5-2.0 gm/cc for true density, and

24-70% for total porosity.

The materials were roughly classed as having "wide" and "narrow"

distributions of pore volume as a function of mean pore diameter (Figure

27). In contrast to the highly irregular cells of the pyrolyzed plastics,

the commercial carbons and graphites had nearly equal concentrations of

a wide range of cell sizes. This was attributed to a known open, inter-

locked cell structure (Reference 28).

The thermogravimetry samples were prepared by cryogenic pulverization.

The prticle major dimension was 44 microns. The density, porosity, and

pore spestra characteristics of the samples were therefore somewhat

different from the bulk particles used for porosimetric measurements.
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The pore spectra for Grade 4O porous graphite was nearly identical

to the results for the two porous carbon grades (Figure 27). The density

end total porosity results for all porous carbons and graphites agreed

well with handbook values (Reference 27). The pore spectra for the

pyrolyzed plastic was in good agreement with a distribution for a similar

material (Reference 12).

2. SPECIFIC SURFACE AREA

Specific surface area was examined using a nitrogen absorption

Sorptometer. This instrument was manufactured by the Perkin-Elmer

Corporation. General procedures for similar measurementi were detailed

in Reference 29.

The specific surface aras of the pyrolyzed plastic were relatively

high (Table II). The results were 220 m 2/gm as a bulk particle and 200
2m

m 2/gm as a fine powder for a reference pretreatment condition.

There was L strong dependence of absorption measurements upon

pretreatment. As an exampie, "apparent"' specific surface areas of i2,

40, 160, and 220 m 2/gm were found for four bulk particles of the pyro-

lyzed plastic for pretreatment in a helium purge for three hours at room

temperature, 80, 100, and 3500 C. These values were for Lither a one-

point estimate or a three-point evaluation of a classical Brunauer-

Emnett-Teller (BET) parametric plot. The 220 m2/gm value was held to be

the most valid as approaching a true specific surface area.
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High temperature pretreatment was not possible for the arynonium

chloride filled pyrolyzed plastic due to filler pyrolysis. Estimates

were made, however, as a point of interest for three bulk particles after

helium pretreatment for three hours at room temperature, at 80, and

1000C. The apparent results were roughly 0.1 of the normal composite for

equivalent pretreatments. There was evidence of minor filler lecompo-

sition for the O00C degassing.

The strong dependence of apparent specific surface area upon pre-

treatment conditions was possibly associated with more efficient removal

of absor..,d vapors at the higher temperatures, the opening cf fissures,

surface "activation," or other unknown aspects.

Apparent specific surface area dependence upon temperature implied

that an equilibrium internal pore structure may not exist. A further

implication was that there were gross uncertainties in Arrhenius con-

stants due to pore structure variations during thermogravimetry. If an

equilibrium structure was possible, Mhe pretreatment prior to the experi-

ment was desirable. On the other hand, the similarity of the oxidation !

thermograms for the different materials impiied that variable pore

structure was possibly an insignificant factor, masked by ether effects,

or the equilibrium structure was perhaps approached while heating up.

4
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SECTION IX

ACCURACY, PRECISION, AND SENSITIVITY

1. RLSIDUAL WEIGHT

There was a linear and reproducible weight loss error from 600-950C

for qLiescent air runs. The thermograms were not corrected for the small

error of up to 3/4% maximum at 950*C. No error was found for air purging

runs at reduced pressure. A near linear weight loss error for vacuum

runs resulted in a maximum deviation of about 4% at 950*C. All vacuum

thermograms were corrected for this error.

The error in air was primarily due to electrical component drift. The

error in vacuum was attributed to buoyancy force increase due to pressure

increase while heating and electrical component drift. Tie buoyancy

force error was later eliminated with a Cartesian diver manostat that

gave a near constant pressure.

A parasitic weight error found during early work with the Thermo-Gr3v

wes attri-bute-"' t o eh at .i .. o -c sp o-t *. 11 lfUl' Wdb :I e

by using cooling blowers to maintain temperature equilibrium.

2. REFERENCE TEMPERATURE

Temperature errors were associated with thermal gradients for the

crucible, sample, and the reference tlermocouple. There were additional

thermocouple calibration errors.
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The reference thermocouple was located in a quartz sheath about 3/4

inch directly below the crucible. A second thermocouple was bonded into

a crucible with ceramic cement. The differential temperature was recorded

as a function of reference temperature (RT) for a 9*C/min run in quiescent

air. The RT exceeded the crucible temperature (CT) by up to about 7*C

(Figure 28).

Differential temperature runs were made with 100 mg samples of the

pyrolyzed plastic and filled composite. The CT first approached and then

exceeded the RT by up to 8*C during exothermic oxidation of the pyrolyzed

plastic. The ammonium chloride filler gave -n expected endothermic

cooling during pyrolysis.

Toe two Chromel alumel thermocouples were calibrated against a

platinum, platinum + 10% rhodium standard thermocoupie (ST). The ST 4a

certified by the National Bureau of Standards. The independent variab..:

was the normally recorded RT and the dependent variables were coriect;Gns.

The corrected aT and CT conformed to the relationsc C i

RT = RT - (RT - ST) (14)
c ,

CTc = RTc (RT - CT) (15)

The corrected crucible and reference temperature differences ranged

as high as +1OC for the pyrolyzed plastics. In view of possible

additional error due to poor thermocouple contact and a thermal gradient

for the crucible and sample, this value was considered conservatively low.
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3. -THERMOGRAN -REPRODUCISILiTY

Duplicate oxidation thermograms revealed reproducibility of a sample

run within a fiw weight percent (Figure 29). An average difference of

about 6% by weight was found for thermograms for two different samples of

the pyrolyzed plastic. The reasons for this large imprecision were un-

known but could have been associated with imperfect grinding or sieving

operations.

4. PHYSICAL PROPERTIES
S

A detailed analysis of porosimetric errors led to typical maximum

values for carbonaceous materials: +0.05 gm/cc for apparent density,

±D.10O gm/cc for true density, and +6% for total porosity (Reference 27).

The results for the commercial carbon and graphite porous grades were in

excellent agreement with other measurements (Reference 28). The absolute

accuracy of porosimetry was limited to some degree by the inaccessibility

of pores with mzan diameters above about 10 microns.

The rture and magnitude of errors for typical nitrogen absorption

measurements were described in detail elsewhere (Reference 29).
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SECTION X

SUMMARY OF THE ACTUAL EXPERIMENTAL WORK

Constant-heating-rate thermogravimetry was conducted in air for two

pyrolyzed plastics, three graphites, a graphite fabric, and a carbon

material. All sample powders gave similar thermograms except a high

density, high purity graphite and a filled pyrolyzed plastic.

A number of procedural variables proved significant. An increase

in airflow rate, heating rate, oxygen concentration, pressure, or surface

area gave decreased oxidative resistance. The materials fell within

either "wide" or "narrow" distributions of pore volume. Both classes

gave similar thermograms. The sample and environmental effects were

partially consistent with the external appearances of diffusion contro!

of oxidation. These external appearances were tentatively attributed to

phase boundary control of graphite oxidation.

The thermobalance was inadequate for detailed study of sample and

environmental variables. There were limitations on the operational ranges

of airflow rate, heating rate, oxygen concentration, and pressure. A

prototype gas-purge/vacuum network was successfully built to extend

capabilities. A versatile thermobalance capable of detailed study of

sample and environmental variables over wide ranges was considered a

potential means of confirmation of phase boundiry control of graphite

oxidation.
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An isothermal relation in an Arrhenius format was solved for a

constant-heating-rate run of a constant surface area sample. The in-

dicated trends of decreasing oxidation resistance with increasing oxygen

concentration, pressure, or surface area were reasonably consistent with

the experimental thermograms. The experiments were not designed for

Arrhenius constants evaluation and no attempt was made to do so.

The weights of a pyrciyzed plastic and ammonium chloride were es-

sentially additive, by a law of mixtures, to give the hermograms of an

ammonium chloride filled pyrolyzed plastic in both air and vacuum.

Density, porosity, pore spectra, and specific surface area were

examined for selected materials. There were wide ranges of densities

and porosities. The pore spectra largely fell within two general classes.

Specific surface areas were strongly dependent upon the method of sample

pretreatment.

The standard thermogravimetry run was for a -325 sieve, dried 100

,, ... O i* ,i u ;M iii es lly qUlcb t ar. There were

two major errors. A temperature error due to combustion, endothermic

decomposition, thermal gradients, or thermocouple error approached a

maximum of +10C. Weight error was largely due to electrical component

drift plus a pressure change effect for vacuum runs. The drift and

pressure errors ranged up to maximum values of about 0.75 and 3.25%

weight loss at 950C, respectively.
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SECTION XI

CONCLUSIONS AND RECOMMENDATIONS

Constant heating rate thermogravimetry in oxidizing atmospheres was

a rapid and useful method for studying sample and environmental variables

empirically, verifying mechanisms, and estimating Arrhenius constants

from constant surface area data. The potential ease of shifting major

sample and environmental variables over wide ranges with corresponding

shints in apparent surface reaction control effects or diffusion control

effects was attractive for studying phase boundary control or other

oxidative mechanisms. Isothermal thermogravimetry was more promising

for defining exact mechanisms and evaluating Arrhenius constants

precisely.

There were problem areas in the precise use of either constant heating

rate or isothermal thermogravimetry. Approaches for (1) holding critical

variables at a constant level during the run, and (2) reduciny experi-

mental error included:

!. Het.-g rac-acr hcat;..g rat based upon~ samp

temperature.

2. Isothermal temperature - sample temperatures consistent

with rapid weight loss and zero thermal inertia for the sample.

3. Oxygen concentration - a miniature sample immersed within

a constant velocity, high mass flow, preheated stream of oxidizing

gas.

4. Pressure - a manostat or oti2!r device for pressure

contro.
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5. Pretreatment - sample pretreatments to assess effects.

6. Surface area - a carefully designed, near constant area

sample.

7. Temperature error - a miniature sample/holder with direct

sample thermocouple emplacement.

8. Weight error - a miniature sample/holder and pressure

control.

9. Density, porosity, pore spectra, and specific surface

area - interrupted thermogravimetry runs to assess constancy.

The recording thermobalance was extensively modified for the tharmo-

gravimetry of ablative plastics to 14000C in helium purging flow.

Although there were no further oxidative experiments, several new and

planned features were amenable to solving identified problem areas

(Reference 30). These included, for example, a wide range of heating

ratcq, little thermal inertia for isothermal runs over a wide temperature

range, a high velocity gas purge around a carefully designed sample, a

vacuum/purge gas network, a potential variety of solid sample config-

urations, direct thermocouple instrumentation of the sample, reduced

experimental error, and easy interruption of the run at anytime.
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APPENDIX

7FRIM EMPIRICAL KINETICS COMPUTER CODE

TRIM was a general computer code for empirical kinetics (References

19 and 20). Arrhenius constants were calculated from integral weight

fractions as a function of temperature for a constant heating rate. Many

data points were therefore possible without the chore of often inaccurate

weight loss rate measurements.

The general kinetic model of surface reaction oxidation was

-X
-dw/dT = (B/) e

For this model, TRIM solved

2
log 10 ((l - w)/T ) = -(E/R In IO)(i/T) + logior(BR/Ei)

The terms -(E/R In 10) and loglOr(BR/ET) were made equal to a slope and

an intercept, respectively, for this nearly linear equation. E and the

product rB were estimated by the scandard method of least squares.

Knowing E, an "averaged" value of the near constant r could be estimated

by either (I) direct calculation using Equation 12 or (2) as a reference

in a table (or figure) as a function of X. Knowing r, B followed from

the product rB.

PAR 3 was a useful companion to TRIM. This computer code graphically

constructed a thermogram from input kinetic censtants. For the present

model, PAR 3 solved Equation 8 for a given number of weight/temperature
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data points. The results would be plotted gra-hically by an X-Y plotter

in the standard thermogram format. PAR 3 was a potentially useful means

of assessing the relative importance of B and component terms.
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